The gut contains a large 5-HT pool in enterochromaffin (EC) cells and a smaller 5-HT pool in the enteric nervous system (ENS). During development, enteric neurons are generated asynchronously. We tested hypotheses that serotonergic neurons, which arise early, affect development/survival of later-born dopaminergic, GABAergic, nitrergic, and calcitonin gene-related peptide-expressing neurons and are essential for gastrointestinal motility. 5-HT biosynthesis depends on tryptophan hydroxylase 1 (TPH1) in EC cells and on TPH2 in neurons; therefore, mice lacking TPH1 and/or TPH2 distinguish EC-derived from neuronal 5-HT. Deletion of TPH2, but not TPH1, decreased myenteric neuronal density and proportions of dopaminergic and GABAergic neurons but did not affect the extrinsic sympathetic innervation of the gut; intestinal transit slowed in mice lacking TPH2 mice, but gastric emptying accelerated. Isolated enteric crest-derived cells (ENCDCs) expressed the serotonin reuptake transporter (SERT) and 15 subtypes of 5-HT receptor. Addition of 5-HT to cultures of isolated ENCDCs promoted total and dopaminergic neuronal development. Rings of SERT-immunoreactive terminal axons surrounded myenteric dopaminergic neurons and SERT knock-out increased intestinal levels of dopamine metabolites, implying that enteric dopaminergic neurons receive a serotonergic innervation. Observations suggest that constitutive gastrointestinal motility depends more on neuronal than EC cell serotonin; moreover, serotonergic neurons promote development/survival of some classes of late-born enteric neurons, including dopaminergic neurons, which appear to innervate and activate in the adult ENS.
Introduction
The enteric nervous system (ENS) mediates gastrointestinal (GI) behavior independently of CNS input (Furness, 2006; Gershon and Tack, 2007) . This ability is reflected in ENS complexity, neuronal phenotypic diversity, and intrinsic microcircuits. Transepithelial signaling, involving pressure-or nutrientinduced secretion of paracrine messengers, such as serotonin (5-HT) from enterochromaffin (EC) cells, initiates motor and secretory reflexes (Bülbring and Crema, 1959a; Cooke et al., 1997; Pan and Gershon, 2000; Bertrand, 2004; Patel et al., 2007; Spiller, 2007) . Although EC cells contain most of the 5-HT of the bowel, 5-HT is also a neurotransmitter of descending myenteric interneurons (Monro et al., 2002; Gershon and Tack, 2007; Gershon, 2009; Neal et al., 2009) .
Tryptophan hydroxylase (TPH) is the rate-limiting enzyme in 5-HT biosynthesis (Noguchi et al., 1973) . Two different genes encode TPH isoforms: TPH1 is found in EC and mast cells (Côté et al., 2003; Chen et al., 2004; Ghia et al., 2009) , and TPH2 is found in enteric neurons Neal et al., 2009 ) and brain (Walther et al., 2003; Gutknecht et al., 2009 ). TPH1 ablation (TPH1KO) depletes mucosal but not neuronal 5-HT (Walther et al., 2003) , whereas TPH2 ablation (TPH2KO) depletes 5-HT from neurons (Gutknecht et al., 2009 ) but, because EC cells contain so much more 5-HT than neurons, hardly changes total gut 5-HT. TPH1KO and TPH2KO mice thus distinguish effects of mucosal from neuronal 5-HT. Uptake, mediated primarily by the serotonin transporter (SERT), terminates the action of released 5-HT. Enterocytes and serotonergic neurons express SERT (Wade et al., 1996; Chen et al., 1998) . SERT ablation enhances 5-HT effects (Coates et al., 2006; Bian et al., 2007; Patel et al., 2007; Bertrand et al., 2008; Bertrand and Bertrand, 2010) . Actions of endogenous 5-HT can thus be studied with gain-of-function experiments in mice lacking SERT (SERTKO).
The ENS is derived from émigrés from the neural crest Hammond, 1954, 1955; Le Douarin and Teillet, 1973; Gershon and Ratcliffe, 2006) . Enteric neurons of different phenotypes are born at different ages (Pham et al., 1991) ; therefore, early-born neurons as well as growth factors in the enteric microenvironment (Hao and Young, 2009; Laranjeira and Pachnis, 2009 ) might influence the differentiation of uncommitted enteric crest-derived cells (ENCDCs). Enteric serotonergic neurons (embryonic days E8.5-E15) are among the first to be born, and dopaminergic (perinatal), calcitonin gene-related peptide (CGRP)-expressing, GABAergic, and some nitrergic neurons are among the last to be born (Pham et al., 1991; Blaugrund et al., 1996; Li et al., 2004; Chalazonitis et al., 2008) . Because serotonergic neurons thus coexist with precursor cells, they have the potential to affect neuronal development/survival of dopaminergic and other late-born enteric neurons.
We tested hypotheses that development/survival of late-born enteric neurons and gastrointestinal motility are dependent on enteric neuronal 5-HT. Loss of function was studied in mice lacking TPH1 and/or TPH2; gain of function was investigated in SERTKO mice and in cultures of isolated ENCDCs treated with 5-HT. Observations suggest that constitutive gastrointestinal motility depends more on neuronal than on mucosal 5-HT and that the development of dopaminergic, GABAergic, and CGRPexpressing enteric neurons requires neuronal 5-HT.
Materials and Methods
Animals and tissue preparation. Experiments were performed with adult TPH1KO (Hôpital de la Pitié-Salpètrière, Paris, France), TPH2KO (provided by Gérard Karsenty, Columbia University, New York, NY and by Lexicon Pharmaceuticals), TPH1 and TPH2 double KO (Savelieva et al., 2008 ) (TPH1/2dKO; Lexicon Pharmaceuticals), and SERTKO (Taconic Farms) mice. Wild-type (WT) littermates of these animals were used as controls (129S5/SvEvBrd and C57BL/6J hybrid background for Lexicon Pharmaceuticals mice; C57BL/6 for the rest). CD-1 mice were used for in vitro studies of E16 fetal bowel and to investigate whether or not enteric dopaminergic neurons of WT mice express SERT immunoreactivity. Tyrosine hydroxylase (TH)-immunoreactive neurons are more far more abundant in CD-1 than in C57BL/6 or 129S5/SvEvBrd and C57BL/6J hybrid animals. Mice of either sex were used. The day at which a vaginal plug was found was designated as day 0 of gestation. CO 2 inhalation was used to kill adult animals. The Animal Care and Use Committee of Columbia University approved this procedure.
RNA extraction and preparation of cDNA. Tissues and immunoisolated ENCDCs (see below) were collected and cleaned with PBS, pH 7.4, which had been treated with 0.1% diethyl pyrocarbonate. RNA was isolated with Trizol (Invitrogen) according to the instructions of the manufacturer. RNA was then treated with DNase I (1 U/ml) to prevent genomic DNA contamination. Maloney murine leukemia virus reverse transcriptase (Promega) was used to prepare cDNA.
RT-PCR. cDNA, prepared from immunoisolated ENCDCs (see below) and brain, which was investigated as a positive control, was subjected to PCR analysis to determine whether ENCDCs express transcripts encoding subtypes of 5-HT receptors, SERT, and p75 NTR (Table 1) . Reverse transcriptase was omitted from duplicate preparations before PCR analysis to provide a negative control against the possibility of genomic contamination. Subtypes of 5-HT receptor investigated included 5-HT 1A , 5-HT 1B , 15-HT 1D , 5-HT 1F , 5-HT 2A , 5-HT 2B , 5-HT 3A , 5-HT 4A , 5-HT 4B , 5-HT 4E , 5-HT 4F , 5-HT 5A , 5-HT 5B , 5-HT 6 , and 5-HT 7 receptors. The 5-HT 2C receptor was not investigated because it has been shown previously not to be expressed in the fetal bowel (Fiorica-Howells et al., 2000) , and 5-HT 3B was not studied because it is incapable of mediated responses in the absence of 5-HT 3A receptors (Davies et al., 1999) , which are expressed in the adult gut (Liu et al., 2002) and were investigated.
Real-time PCR. Real-time RT-PCR was used to quantify transcripts encoding dopamine transporter (DAT), SERT, and TH. A 7500 Fast Real-Time PCR System (Applied Biosystems) was used for this purpose. The 20 l PCR reaction solution contained 10 l of 2ϫ TaqMan Fast Universal PCR Master Mix (Applied Biosystems), 2 l of cDNA (10 -100 ng), 1 l of primers and probes (18 M forward primer, 18 M reverse primer and 5 M TaqMan probe; Applied Biosystems), and 7 l of RNase-free H 2 O. Conditions were as follows: 95°C for 20 s; 40 cycles of 95°C for 3 s; and 60°C for 30 s. The threshold cycle was calculated by the software of the instrument (7500 Fast System version 1.3.1). Data were analyzed with computer assistance by using the 7500 Software for 7500 Fast Real Time PCR (version 2.0.4; Applied Biosystems). For each sample, the expression of DAT, SERT, or TH was normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). All primers and probes were purchased from Applied Biosystems (DAT, catalog #Mm00438388; GAPDH, catalog #4352339E; SERT, catalog #Mm00439391_m1; TH, catalog #Mm00447557).
Measurement of DA, 3-methoxy 4-hydroxyvanillic acid, 5-HT, and 5-hydroxyindoleacetic acid. Gut, brain (examined as a positive control), and cultured cells were ultrasonically disrupted in ϳ10 vol of 0.4 M perchloric acid. Homogenates were centrifuged for 5 min (14,000 ϫ g; 4°C). The supernatant was removed and centrifuged again in a new tube. An aliquot (20 -50 l) of the supernatant was subjected to HPLC. The HPLC system consisted of a Waters 515 pump, a Waters 717 Autosampler with cooling system, a Varian Dynamax C-18 reverse-phase column (Microsorb 100 -5 C18, 150 ϫ 4.6 mm), and a Dynamax HPLC Guard Column (4.8 mm). An electrochemical detector was used (model 5100A with a guard cell and model 5011 with a dual analytical cell; ESA Coulochem). The electrochemical detector was set at a potential of ϩ0.04 V for the first cell and at ϩ0.5 V for the second cell. The mobile phase buffer contained 0.75 mM sodium monophosphate, pH 3.1, 1.4 mM 1-octanesulfonic acid, 0.01 mM disodium EDTA, and 7% acetonitrile. The mobile phase buffer was filtered through a membrane with a 0.22 m pore (Type GV; Millipore Corporation) and degassed. The flow rate was set at 1.0 ml/min. Values were calculated on the basis of peak area compared with standard solutions.
Colonic motility. Colonic motility was studied as described previously (Li et al., 2006) . Briefly, the animals were anesthetized with isoflurane (Baxter Pharmaceutical Products). A glass bead (3 mm in diameter) was pushed into the colon to a distance of 2 cm from the anal verge. The time required for expulsion of the glass bead was measured and taken as an estimate of colonic motility. Total gastrointestinal transit time. Carmine red, which cannot be absorbed from the lumen of the gut, was used to study total GI transit time (Kimball et al., 2005) . A solution of carmine red (300 l; 6%; SigmaAldrich) suspended in 0.5% methylcellulose (Sigma-Aldrich) was administered by gavage through a 21 gauge round-tip feeding needle. The time at which gavage took place was recorded as T 0 . After gavage, fecal pellets were monitored at 10 min intervals for the presence of carmine red. Total GI transit time was considered as the interval between T 0 and the time of first observance of carmine red in stool.
Gastric emptying and small intestine transit. Mice were fasted overnight in cages that lacked bedding. Water was withdrawn 3 h before the experiment. A solution containing rhodamine B dextran (100 l; 10 mg/ml in 2% methylcellulose; Invitrogen) was administered to each mouse by gavage through a 21-gauge round-tip feeding needle. Animals were killed 15 min after gavage; the stomach, small intestine, cecum, and colon were collected in 0.9% NaCl. The small intestine was divided into 10 segments of equal length, and the colon (used to obtain total recovered rhodamine B fluorescence) was divided in half. Each piece of tissue was then transferred into a 14 ml tube containing 4 ml of 0.9% NaCl, homogenized, and centrifuged (2000 ϫ g) to obtain a clear supernatant. Rhodamine fluorescence was measured in 1 ml aliquots of the supernatant (VersaFluor Fluorometer; Bio-Rad Laboratories). The proportion of the rhodamine B dextran that emptied from the stomach was calculated as [(total recovered fluorescence Ϫ fluorescence remaining in the stomach)/(total recovered fluorescence)] ϫ 100. Small intestinal transit was estimated by the position of the geometric center of the rhodamine B dextran in the small bowel (Miller et al., 1981) . For each segment of the small intestine (1-10), the geometric center (a) was calculated as follows: a ϭ (fluorescence in each segment ϫ number of the segment)/(total fluorescence recovered in the small intestine). The total geometric center is ⌺ (a of each segment). Total geometric center values are distributed between 1 (minimal motility) and 10 (maximal motility).
Immunoselection and tissue culture. In vitro studies were used to investigate the ability of 5-HT to influence the development of enteric neurons from their neural crest-derived precursors. Crest-derived cells were immunoselected from E16 mouse gut with antibodies to the common neurotrophin receptor as described previously (Chalazonitis et al., 2004) . Briefly, the bowel was dissociated with collagenase to yield a single-cell suspension. The suspended cells were exposed, sequentially, to antibodies to p75 NTR , which recognize a region of the extracellular domain (amino acids 43-161) and react with p75 NTR of both rats and mice (Huber and Chao, 1995) (donated by Moses Chao, Skirball Institute, New York University, New York, NY) and then to secondary antibodies coupled to magnetic beads (Miltenyi Biotec); the antibody decorated enteric crest-derived cells were finally selected with a magnet and separation columns (Miltenyi Biotec).
Immunoselected cells destined for the demonstration of HuC/Dimmunoreactive (total neurons) and TH-immunoreactive (dopaminergic) neurons were plated at a density of 1.2 ϫ 10 5 cells/ml onto 12-mmdiameter glass coverslips (catalog #1001; RESY), which were coated with poly-D-lysine, rat tail collagen, and laminin as described previously (Chalazonitis et al., 1998) . Immunoselected cells destined for analysis of dopamine were plated at a density of 110 ϫ 10 3 cells/ml onto 35-mmdiameter TC dishes (Falcon). All cultures were maintained in a serumfree defined medium [basic Brazeau medium (BBM)] (Ziller et al., 1983) . At the time of plating, the medium was supplemented with 20% horse serum to promote adherence of cells to the substrate. After 18 h, this medium was changed to serum-free BBM. Cultures were maintained for 6 d, and they were fed with fresh medium on day 4. In all experiments, glial cell line-derived neurotrophic factor (GDNF) (rat recombinant; R & D Systems) was added to the medium at 10 ng/ml at the time of plating and was present throughout the subsequent culture period. GDNF was added because enteric neuronal development is known to be GDNF dependent. Cultures were supplemented with the TPH inhibitor parachlorophenylalanine (PCPA) (1.0 g/ml; Sigma-Aldrich) to ensure that endogenous 5-HT, synthesized within the cultures, would not confound results. Cultures were maintained with or without 5-HT (1 g/ml).
Immunocytochemistry. HuC/D, TH, GABA, neuronal nitric oxide synthase (nNOS), and CGRP were located immunocytochemically to determine the abundance of total, dopaminergic, GABAergic, nitrergic, and CGRP-expressing enteric neurons in TPH1KO, TPH2KO, and TPH1/ 2dKO mice and their respective WT littermates. SERT immunoreactivity was also investigated to determine whether or not it is coincident with TH immunoreactivity in the myenteric plexus. In each experimental group, tissue samples were collected from ilea of six to eight animals, fixed with 4% formaldehyde for 1.5 h, and washed in PBS. Whole-mount preparations of longitudinal muscle with attached myenteric plexus (LMMP) were prepared by dissection. Cultured cells were fixed with 4% formaldehyde for 30 min and washed in PBS. Preparations were blocked with 10% normal horse serum for 30 min at room temperature and then incubated for 48 or 72 h at 4°C with primary antibodies (Table 2) . Bound primary antibodies were visualized, respectively, with streptavidin-Alexa Fluor 594 for mouse monoclonal antibodies and donkey antibodies to goat, rabbit, or sheep IgG coupled to Alexa Fluor 350, 488, or 594 (diluted 1:200; Invitrogen). Preparations were washed with PBS, mounted in buffered glycerol, and examined with a Leica CTR 6000 microscope. Images were obtained with a cooled CCD camera and analyzed with computer assistance (Velocity 5.4 imaging software; Improvision). To count the numbers of HuC/D-immunoreactive cells in each LMMP preparation, a motorized stage under computer control was used to scan and collect images with a 40ϫ objective covering the entirety of a 10 mm 2 area. To count the numbers of CGRP-, nNOS-, and TH-immunoreactive cells, a similar procedure was used, except that images were collected with a 20ϫ objective and that an area of 30 mm 2 was scanned. The higher magnification was needed for HuC/D-immunoreactive cells to ensure that overlapping cells could be distinguished. The lower magnification was advantageous for TH-immunoreactive cells, which are widely separated and relatively rare, because the cells were scattered and large numbers could be imaged for statistical reliability. The collected images were processed using a computer running Velocity 5.6 software to determine the numbers of immunoreactive cells of each type, which were presented as cells per square millimeter. TH-immunoreactive terminal axons in the myenteric plexus of ileum of four TPH2KO and four WT mice were examined to study the effects of TPH2KO on the density of extrinsic sympathetic terminals. Sympathetic axons are far more abundant that dopaminergic axons in the myenteric plexus. Their large varicosities and coarse structure also distinguish sympathetic from dopaminergic axons. Dopaminergic neurons, moreover, are primarily located in the submucosal plexus. In each preparation, three images were obtained with a 40ϫ objective. The total area occupied by TH-immunoreactive terminals in each image was obtained with computer assistance (Volocity 5.6 software; Improvision/PerkinElmer Life and Analytical Sciences).
Statistical analysis. Differences between means were compared by oneway ANOVA or, when only two means were compared, Student's t test. A value of p Ͻ 0.05 was considered significant.
Results

TPH deletion alters intestinal motility
To determine the effects of selective deletion of mucosal and neuronal 5-HT on GI motility, measurements were made of total GI transit time ( Fig. 1 A) , gastric emptying ( Fig. 1 B) , small intestinal transit (Fig. 1C) , and colonic motility (Fig. 1 D) in TPH1KO, TPH2KO, and TPH1/2dKO mice. The time to first appearance of a non-absorbed dye (carmine red) in fecal pellets was used to estimate total GI transit, and the expulsion of glass beads inserted into the rectum was used to evaluate colonic motility. These tests were performed first because they do not require that animals be killed and thus can be repeated. After total GI transit time and colonic motility had been determined in each animal, the rate at which rhodamine dextran was emptied from the stomach and the geometric center of rhodamine dextran in the small intestine were determined. Comparisons were made between littermates so that the natural slowing of motility that occurs in mice as a function of age (Liu et al., 2009) would not confound observations. Total GI transit time in TPH1KO mice did not differ significantly from that in their WT littermates (Fig. 1 A) . In contrast, total GI transit time was found to be significantly longer in both TPH2KO and TPH1/2dKO animals than in the WT littermate controls of each (Fig. 1 A) . As was the case for total GI transit, the rate of gastric emptying in TPH1KO mice was not significantly different from that in their WT littermates (Fig. 1 B) . Surprisingly, however, the rate of gastric emptying was more rapid in TPH2KO and TPH1/2dKO mice than in the corresponding WT littermates (Fig. 1 B) , despite the net increase in total GI transit time in TPH2KO and TPH1/2dKO animals ( Fig. 1 A) . Once emptied from the stomach, rhodamine dextran was propelled down the small intestine at approximately the same rate in TPH1KO and littermate control mice (Fig. 1C) ; however, the propulsion of rhodamine dextran down the small intestine was significantly slower in TPH2KO and TPH1/2dKO mice than in their WT littermates (Fig. 1C) . This pattern was continued in the colon. The rate at which beads were ejected from the anus was not significantly different in TPH1KO mice than in their WT littermates (Fig. 1 D) but was significantly slower than littermate controls in both TPH2KO and TPH1/2dKO animals ( Fig. 1 D) . These observations suggest that the genetic deletion of TPH1 exerts little effect on constitutive motility of the stomach or small or large intestine. In contrast, the genetic deletion of TPH2, which in terms of GI motility appears to be the equivalent of the double knock-out of TPH1 and TPH2, slows transit in the intestines (Fig.  1C,D) but accelerates the rate of gastric emptying (Fig. 1 B) . The net effect of the deletion of TPH2 is to increase GI transit time ( Fig. 1 A) ; therefore, overall, the more rapid emptying of the stomach in TPH2KO and TPH1/2dKO mice does not compensate for the slowing of proximodistal transport of intestinal contents. Studies with pharmacological antagonists and depletion of 5-HT have previously suggested that intrinsic serotonergic neurons inhibit gastric emptying by providing an excitatory drive to neurons in a relaxant pathway (Bülbring and Gershon, 1967a; Mawe et al., 1989) . The intraperitoneal injection of 5-HT (1 mg/ kg) in WT mice, moreover, was also found to significantly delay gastric emptying (p Ͻ 0.01). In the absence of 5-HT, 82.5 Ϯ 1.4% (n ϭ 6) of gastric contents emptied within 15 min, whereas in the presence of 5-HT, only 56.3 Ϯ 6.1% (n ϭ 9) emptied within the same period of time. The effect of stimulation of gastric 5-HT receptors is thus opposite to that of depletion of 5-HT from gastric neurons.
Effect of TPH1/2dKO on enteric dopaminergic neurons
Because postmitotic serotonergic neurons coexist with stillproliferating ENCDCs, we tested the hypothesis that the earlydeveloping serotonergic neurons influence subsequent ENS development. If this were to occur, then we would expect that the total number of neurons in the ENS of TPH2 and TPH1/2dKO would be different from that in WT mice. If only neuronal and not mucosal 5-HT were to affect neuronal development, the number of enteric neurons in TPH2 and TPH1/2dKO would also be different from that in TPH1KO animals. If 5-HT were to promote neuronal development, then the deletion of TPH would reduce the number of enteric neurons, whereas if 5-HT were to exert an inhibitory effect on enteric neuronal development, the deletion of TPH would increase the numbers of neurons in the ENS. Because 5-HT-dependent neurons were expected to be those born later than serotonergic neurons, we chose to examine the effects of the knock-out of TPH1 and TPH2 on enteric dopaminergic neurons, which are born perinatally (Li et al., 2004) . HuC/D and TH were demonstrated immunocytochemically, respectively, to identify the total neuronal population and dopaminergic neurons in the myenteric plexus. Neurons were counted in whole mounts of dissected laminar preparations of bowel wall.
The densities of neurons in the ileal myenteric plexus of TPH2KO mice (258 Ϯ 20 neurons/mm 2 ) and TPH1/2dKO mice (239 Ϯ 24 neurons/mm 2 ) were each found to be significantly (p Ͻ 0.01) lower than those in either of their WT littermates Figure 1 . Total GI transit time, small intestine transit, and colonic motility are decreased but gastric emptying is accelerated in mice that lack TPH2 or TPH1 and TPH2. A, Carmine red was administered orally, and the time to development of red stools was noted. GI transit time in TPH1KO, TPH2KO, and TPH1/2dKO mice was compared, respectively, with that of wild-type littermates. Total GI transit time was increased (slower than littermates) in TPH2KO and TPH1/ 2dKO animals; however, the total GI transit time in TPH1KO mice did not differ from that of their wild-type littermates. Total GI transit time in TPH1/2dKO animals was not different from that in mice lacking only TPH2. B, Gastric emptying was measured after gavage of rhodamine dextran. The percentage of administered rhodamine dextran that emptied from the stomach in 15 min was determined in TPH1KO, TPH2KO, and TPH1/2dKO mice and compared with that of their respective wild-type littermates. The proportion of gastric contents that emptied was greater in TPH2KO and TPH1/2dKO animals than in the respective littermates; however, gastric emptying in TPH1KO mice did not differ from that in their wild-type littermates. Gastric emptying in TPH1/2dKO animals was not different from that in mice lacking only TPH2. C, Small intestinal transit was studied by measurement of geometric center of rhodamine dextran. The numbers of the geometric center, 1-10, represent slow to fast small intestine transit. Small intestinal transit was significantly slower in TPH2KO and TPH1/2dKO animals than in their respective wild-type littermates; however, small intestinal transit in TPH1KO mice did not differ significantly from that of their wild-type littermates. Small intestinal transit in TPH1/2dKO animals was not different from that in mice lacking only TPH2. D, Colonic motility was estimated by measuring the time required to expel a glass bead inserted into the rectum for a distance of 2 cm. This time was significantly greater (slower motility) in TPH2KO and TPH1/2dKO animals than in their respective wild-type littermates; however, the time to expel the bead in TPH1KO mice did not differ significantly from that in their wild-type littermates. The time required to expel the bead in TPH1/2dKO mice was not significantly different from that in mice lacking only TPH2. ns, Not significant.
(respectively, 370 Ϯ 70 and 387 Ϯ 27 neurons/mm 2 ) (Fig. 2 A; compare also C with D, G with H ). In contrast, neuronal density in TPH1KO mice (314 Ϯ 22 neurons/ mm 2 ) did not differ from that in their WT littermates (304 Ϯ 22 neurons/mm 2 ) (Fig. 2 A; compare also K with L). These observations are compatible with the idea that neuronal 5-HT promotes the development and/or survival of enteric neurons. The density of TH-immunoreactive dopaminergic neurons in the same regions of TPH2KO (0.49 Ϯ 0.18 neurons/ mm 2 ) and TPH1/2dKO (0.44 Ϯ 0.12 neurons/mm 2 ) mice were also significantly (p Ͻ 0.001) lower than those in their WT littermates (respectively, 1.90 Ϯ 0.18 and 2.10 Ϯ 0.14 neurons/mm 2 ) (Fig.  2 B; compare also E with F, I with J ). The reduction relative to WT in dopaminergic neurons was thus much greater than that in total neurons in TPH2KO and TPH1/ 2dKO mice (Fig. 2, compare A, B) ; in WT mice, TH neurons were 0.5% of the total myenteric population, but in both TPH2KO and TPH1/2dKO mice, this percentage fell to 0.2% of the reduced total number of neurons (p Ͻ 0.001). The proportion of neurons in the ENS that are dopaminergic is highly strain dependent and much higher in CD-1 (Li et al., 2004; Chalazonitis et al., 2008) than in mice with the 129S5/SvEvBrd and C57BL/6J hybrid background used in the current study. The reduction in dopaminergic neurons in TPH2KO and TPH1/2dKO mice, therefore, transcended that of the total population and was, consequently, a selective phenomenon. Again, as was the case with total neurons, the density of TH-immunoreactive neurons in TPH1KO mice (2.26 Ϯ 0.32 neurons/mm 2 ) and the proportion of total neurons (0.7%) were not significantly different from the neuronal density (1.90 Ϯ 0.32 neurons/ mm 2 ) or proportion of total neurons (0.7%) in their WT littermates ( Fig. 2B ; compare also M with N).
To help verify that the reduction in THimmunoreactive neurons in TPH2KO and TPH1/2dKO mice was attributable to a loss of enteric dopaminergic neurons and not to a immunoreactive TH within existing neurons, enteric transcripts encoding TH (Fig. 3A) and DAT (Fig. 3B) , which is a dopaminergic neuronal marker, were measured in the ileum of TPH1KO, TPH2KO, TPH1/2dKO, and their respective WT mice. The abundance of transcripts encoding both TH (Fig. 3A) and DAT (Fig. 3B) was significantly lower in the ileum of TPH2KO and TPH1/2dKO animals than in the ileum of their WT lit- Figure 2 . Numbers of total and dopaminergic enteric neurons are decreased in mice that lack TPH2 or TPH1 and TPH2. A, The total number of neurons was obtained from counts made in whole mounts of dissected laminar preparations of longitudinal muscle with adherent myenteric plexus. The immunocytochemical detection of HuC/D was used as a neuronal marker. The numbers of total enteric neurons in TPH1KO, TPH2KO, and TPH1/2dKO mice were compared, respectively, with those of their wild-type littermates. Significantly fewer total neurons were found in TPH2KO and TPH1/2dKO animals than in their wild-type littermates; however, the total number of neurons in TPH1KO mice was not significantly different from that in their wild-type littermates. The number of neurons in TPH1/2dKO animals did not significantly differ from that in mice lacking only TPH2. B, TH was identified immunocytochemically and used as a marker for enteric dopaminergic neurons. Preparations were the same as used to investigate total neuronal numbers. Again, the numbers of TH-immunoreactive neurons in TPH1KO, TPH2KO, and TPH1/2dKO mice were compared with those of their respective wild-type littermates. The numbers of enteric dopaminergic neurons were significantly reduced in TPH2KO and TPH1/2dKO animals; however, the numbers of dopaminergic neurons in TPH1KO mice did not differ significantly from that of their wild-type littermates. The numbers of dopaminergicneuronsinTPH1/2dKOanimalswasnotsignificantlydifferentfromthoseinmicelackingonlyTPH2.Althoughbothtotaland dopaminergic neurons were reduced in mice lacking TPH2 and TPH1 and TPH2, the deficit in dopaminergic neurons was more severe than that in total neurons. termates. In contrast, no decrease was seen in the ileal abundance of transcripts encoding either TH (Fig. 3A) or DAT (Fig. 3B ) in TPH1KO mice. Surprisingly, the deletion of TPH1 actually led to a significant increase in the expression of DAT (Fig. 3B) . The effect of the double knock-out of TPH1 and TPH2 on expression of TH and DAT in the colon was similar to that in the ileum; again, the abundance of transcripts encoding TH and DAT was significantly lower in TPH1/2dKO than in WT mice. The relative abundance of transcripts encoding TH in the colon of TPH1/ 2dKO mice was 56.4 Ϯ 11.2% of WT (p Ͻ 0.05), whereas that encoding DAT was only 21.12 Ϯ 5.60% of WT (p Ͻ 0.03). These observations are consistent with the hypothesis that dopaminergic neuronal development and/or maintenance are dependent on neuronal rather than mucosal 5-HT.
C, D, Neurons immunostained with antibodies to HuC/D in wild-type littermates (C) and TPH1/2dKO mice (D). E, F, Neurons immunostained with antibodies to TH in wild-type littermates (E) and TPH1/2dKO mice (F). G, H, Neurons immunostained with antibodies to HuC/D in wild-type littermates (G) and TPH2KO mice (H). I, J,
5-HT promotes the in vitro development/survival of dopaminergic neurons
The hypothesis that 5-HT stimulates the development and/or survival of enteric dopaminergic neurons was tested directly with ENCDCs isolated from E16 fetal mouse gut by immunoselection with antibodies to p75 NTR . E16 was chosen for the analysis because the generation of enteric serotonergic neurons (E8.5-E15) is known to be complete by that time (Pham et al., 1991) ; nevertheless, the ENS at E16 still contains ENCDCs capable of forming dopaminergic neurons, the birth of which does not begin until the perinatal period (Li et al., 2004) . The isolated ENCDCs were cultured for 6 d in the absence or presence of exogenous 5-HT (1 M). The TPH inhibitor PCPA (1 M) was added to the medium to prevent biosynthesis of endogenous 5-HT. HPLC was used to measure the amounts of 5-HT and DA present in each culture. A small concentration of 5-HT was detected in control cultures (17 Ϯ 4% of that recovered in cultures treated with 5-HT; p Ͻ 0.01) despite the presence of PCPA. Cultures not used for the measurement of amines were fixed for the immunocytochemical detection of TH, which was used as a marker for dopaminergic neurons. Antibodies to HuC/D were used to demonstrate the total population of neurons in these cultures. Significantly more DA was found in 5-HT-treated cultures (11.5 Ϯ 2.2 pmol/ml) than in matched control cultures exposed only to vehicle (3.6 Ϯ 0.8 pmol/ml; p Ͻ 0.01; n ϭ 12). The addition of 5-HT also increased both the number of TH-immunoreactive (dopaminergic) neurons (Fig. 4 A) and the total number of neurons developing/surviving in vitro (Fig. 4 B) . The increase in dopaminergic neurons was approximately equal to the increase in total neurons; therefore, the proportion of neurons that were dopaminergic was not significantly changed by the presence of 5-HT in the culture medium (Fig. 4C ). Neurons were found in small aggregates in both vehicle-treated (Fig. 4 D) and 5-HT-treated (Fig. 4 E) cultures. The cell bodies of TH-immunoreactive (dopaminergic) neurons were found within the neuronal aggregates (Fig. 4 F-I ). In vehicle-treated cultures, few or no neurites projected from dopaminergic neurons (Fig. 4 F) ; however, in the presence of 5-HT, dopaminergic neurons extended neurites that projected to adjacent neuronal aggregates (Fig. 4G) or onto the adjacent substrate in which they appeared to terminate in a series of varicosities (Fig. 4 H) . Some of the dopaminergic neurites in 5-HT-treated cultures were very long and branched extensively (Fig. 4 I) . These observations suggest that, when added to isolated ENCDCs at E16, 5-HT promotes the development/ survival of enteric neurons, including those that acquire a dopaminergic phenotype. In addition to its effects on development/survival, 5-HT also appeared to enhance neurite extension. The development-enhancing effects of 5-HT, however, are not restricted to dopaminergic neurons.
Enteric DA and 3-methoxy 4-hydroxyvanillic acid levels are higher in the ileum of SERTKO than WT mice SERTKO mice were studied as a gain-of-function model to test the idea that endogenous 5-HT acts on dopaminergic neurons in vivo. Because SERT is primarily responsible for terminating 5-HT signaling in both the ENS and the mucosa, the effects of 5-HT are potentiated and prolonged in SERTKO animals. Levels of DA and its metabolites were thus measured and compared in SERTKO mice and their WT littermates. Two enzymes are primarily responsible for the catabolism of DA, monoamine oxidase (MAO) and catechol-O-methyl transferase (COMT) (Molinoff and Axelrod, 1971) . MAO catabolism of DA leads to the production of 3,4-dihydroxyphenylacetic acid (DOPAC), which can be converted by COMT to 3-methoxy 4-hydroxyvanillic acid (HVA). COMT can also convert DA to 3-methoxytyramine, which MAO, in turn, converts to HVA. The major metabolite of DA is thus HVA, which is also a specific metabolite of DA and not produced after catabolism of norepinephrine or epinephrine. Levels of DA, DOPAC, and HVA were measured in the ileum, colon, and brain of SERTKO mice and their WT littermates. Although the DA concentration was not significantly changed in the ileum or colon of SERTKO mice (Fig. 5A) , the level of HVA was significantly increased in the ileum but not the colon of SERTKO animals (Fig.  5B) . The total levels of DA and its metabolites HVA and DOPAC were also significantly greater in the ileum of SERTKO mice than in their WT littermates, although again, the increase in the colon did not reach statistical significance (Fig. 5C ). The level of 5-HT in SERTKO mice did not differ from that of WT animals in either Transcripts encoding TH were significantly less abundant in TPH2KO and TPH1/2dKO animals than in their wild-type littermates. The abundance of transcripts encoding TH in TPH1KO mice, however, did not differ significantly from that in their wild-type littermates. TH expression in TPH1/2dKO animals was not significantly different from that in mice lacking only TPH2. B, Expression of DAT in TPH1KO, TPH2KO, and TPH1/2dKO mice was compared, respectively, with that in their wild-type littermates; data are expressed as percentage WT. The abundance of transcripts encoding DAT in TPH2KO and TPH1/2dKO animals was significantly less than that in their wild-type littermates. The abundance of transcripts encoding DAT in TPH1KO mice, however, was greater than that in their wild-type littermates. DAT expression in TPH1/2dKO animals was not significantly different from that in mice lacking only TPH2. ns, Not significant. the ileum or colon (Fig. 5D ). There was a difference in the concentration of the 5-HT metabolite 5-hydroxyindoleacetic acid (5-HIAA), in the colon; however, in contrast to the increase in HVA in the SERTKO ileum, the concentration of 5-HIAA was significantly lower in the colon of SERTKO mice than in the colon of WT littermates (Fig. 5E) . In SERTKO mice, moreover, the total of 5-HT and 5-HIAA was significantly lower in both the ileum and colon than in WT animals (Fig. 5F ). The deletion of SERT thus tended to increase the metabolism and thus turnover of DA, primarily in the small intestine, but exerted an opposite effect on 5-HT. These observations are compatible with the idea that endogenous 5-HT release stimulates the activity of dopaminergic neurons in adult mice.
The effect of TPH1/2dKO on SERT expression
Because SERT is critical for the inactivation of 5-HT and its absence was found to affect the apparent turnover of DA, we investigated the expression of SERT in mice that lacked 5-HT. To do so, we measured the abundance of transcripts encoding SERT in the ileum and colon of TPH1/2dKO mice and in their WT littermates (Fig. 6) . In WT mice, transcripts encoding SERT were significantly more abundant in the ileum than in the colon (p Ͻ 0.05). In TPH1/2dKO mice, however, the abundance of transcripts encoding SERT was found to be significantly lower than that of WT littermates, in both the ileum (7.7 Ϯ 1.0% of WT; p Ͻ 0.001) and the colon (2.6 Ϯ 0.6% of WT; p Ͻ 0.001) (Fig. 6 ). SERT expression, therefore, is substantially downregulated in TPH1/2dKO mice, in both the ileum, in which its WT expression is relatively high, and the colon, in which its WT expression is relatively low. This downregulation of SERT in TPH1/2dKO mice may be a compensatory response to the absence of 5-HT in these animals.
Effect of TPH2KO on enteric GABAergic, nitrergic, and CGRP-expressing neurons
The effects of TPH2KO on the development of enteric GABAergic, nitrergic, and CGRP-expressing neurons were analyzed. The numbers of GABAergic and nitrergic neurons in the myenteric plexus and those of CGRP-expressing neurons in the submucosal plexus were determined in WT and TPH2KO littermates. CGRPexpressing neurons were examined in the submucosal plexus because they are relatively rare in the myenteric and difficult to quantify in that plexus. LMMP preparations were triply immunostained to locate HuC/D (Fig. 7 A, E) and TH (Fig. 7 B, F ) simultaneously with that of GABA ( Fig. 7C,G; merged images D,  H ) . GABAergic neurons constituted 5.3 Ϯ 0.4% of HuC/Dimmunoreactive in WT mice but only 3.7 Ϯ 0.4% in TPH2KO animals (p Ͻ 0.05). In neither WT nor TPH2KO mice were the immunoreactivities of TH and GABA coincident. The densities of nitrergic neurons in the myenteric plexuses of WT (Fig. 7I ) and TPH2KO (Fig. 7J ) were also significantly reduced. The density of nitrergic neurons was 60.8 Ϯ 3.9 cells/mm 2 in the myenteric plexus of WT mice and 47.0 Ϯ 3.9 cells/mm 2 in that of TPH2KO animals (p Ͻ 0.05); however, in contrast to dopaminergic and GABAergic neurons, the proportion of neurons in TPH2KO mice that were nitrergic (17.8 Ϯ 2.8%) was not significantly different from WT (16.4 Ϯ 2.3%). The density of CGRPexpressing cells was 19.3 Ϯ 0.9 cells/mm 2 in the submucosal plexus of WT mice (Fig. 7K ) but 14.3 Ϯ 0.9 cells/mm 2 in TPH2KO mice (Fig. 7L) (p Ͻ 0.01) . The density of CGRPexpressing cells in TPH2KO mice was ϳ74% of WT, and the proportion of total cells was ϳ69%, which was not significantly different from WT.
Effect of TPH2KO on the density of sympathetic terminals in the ENS
The density of sympathetic terminal axons, which are extrinsic to the gut, was measured in the myenteric plexus of the ileum of WT and TPH2KO mice immunostained with antibodies to TH. The proportion of the area of each LMMP preparation occupied by NTR and cultured for 6 d in the absence or presence of exogenous 5-HT (1 M). The TPH inhibitor PCPA (1 M) was added to the medium to prevent biosynthesis of endogenous 5-HT. A, TH was identified immunocytochemically and was used as a dopaminergic marker. The abundance of TH-immunoreactive neurons in 5-HT-treated cultures was significantly greater than that in control cultures exposed only to vehicle. B, HuC/D was identified immunocytochemically and was used as a neuronal marker. The abundance of neurons in 5-HT-treated cultures was significantly greater than in control cultures exposed only to vehicle. C, Although numbers of both total neurons and dopaminergic neurons increased after the addition of 5-HT, the proportion of neurons that were dopaminergic was not significantly different in 5-HT-treated cultures from that of control cultures exposed only to vehicle. D, E, HuC/D-immunoreactive neurons (red fluorescence) were found in small aggregates in both vehicle-treated (D) and 5-HT-treated (E) cultures. The numbers and the sizes of the aggregates, however, were both larger in 5-HT-treated cultures than in cultures exposed only to vehicle. these terminals was measured. The proportional area occupied by sympathetic terminals in WT mice (11.2 Ϯ 1.0%) did not differ significantly from that measured in TPH2KO animals (10.8 Ϯ 1.0%).
Expression of SERT and 5-HT receptor subtypes in ENCDCs
Because observations suggest that enteric serotonergic neurons influence the development of neurons that are born later in ontogeny than they are, studies were performed to determine whether the ENCDC precursors of such neurons express 5-HT receptors that might respond to 5-HT putatively released from serotonergic neurons. The ENCDCs were immunoisolated with antibodies to p75 NTR at E16. At this age, the birthdays of enteric serotonergic neurons have been completed, but those of dopaminergic, GABAergic, and CGRPexpressing neurons have not yet begun (Pham et al., 1991; Chalazonitis et al., 2008) . Enteric nitrergic neurons represent a heterogeneous class, with some born early and others late. RT-PCR analysis revealed the presence in the isolated ENCDC preparations of transcripts encoding, in addition to p75 NTR , 5-HT 1A , 5-HT 1B , 15-HT 1D , 5-HT 1F , 5-HT 2A , 5-HT 2B , 5-HT 3A , 5-HT 4A , 5-HT 4B , 5-HT 4E , 5-HT 4F , 5-HT 5A , 5-HT 5B , 5-HT 6 , and 5-HT 7 receptors (Fig. 8 A) . Transcripts encoding SERT were also detected (Fig. 8 A) . Each of these transcripts was also observed in adult mouse brain, which was studied as a positive control (Fig. 8 A) .
TH and SERT immunoreactivities are not coincident in the myenteric plexus
The immunoreactivities of SERT and TH were located simultaneously to determine whether enteric dopaminergic neurons contain SERT (Fig. 8 B) . Although none of the cell bodies of TH-immunoreactive dopaminergic neurons (Fig. 8 B) contained coincident SERT immunoreactivity (Fig. 8C, merged image in D) , a dense ring of varicose SERT-immunoreactive terminal axons surrounded each TH-immunoreactive neuron. Because SERT is a marker for serotonergic neurites, this configuration is consistent with the idea that enteric dopaminergic neurons receive a serotonergic innervation.
Discussion
Hormonal (Yadav et al., 2008) , paracrine, and neurocrine functions have been ascribed to 5-HT in the gut (Gershon and Tack, 2007) . Because of the massive size discrepancy between EC and neuronal 5-HT pools, EC cells have been assumed to be more important (Spiller, 2008) ; nevertheless, current data suggest that ENS development and constitutive GI motility depend more on enteric neuronal 5-HT than on that from EC cells. The defects in ENS development that occur when neuronal 5-HT is lacking complicate interpretation of the abnormal GI motility of TPH2KO mice. ENS defects and loss of serotonergic neurotransmission could each contribute to abnormal motility in adult animals.
The idea that the gut contains serotonergic neurons has been controversial. Because enteric neurons take up 5-HT (Gershon and Altman, 1971; Gershon and Sherman, 1982; Erde et al., 1985; Wade et al., 1996; Chen et al., 1998) , 5-HT-containing neurons have been called "5-HT accumulating," to suggest that their 5-HT is EC cell derived (Meedeniya et al., 1998) . Mucosal 5-HT, however, does not normally reach myenteric ganglia (Bülbring and Lin, 1958; Gershon and Tamir, 1981) . Stimulated enteric neurons nevertheless release 5-HT (Gershon and Tamir, 1981) ; moreover, 5-HT receptor blocking anti-idiotypic antibodies (Wade et al., 1994 ) and acute 5-HT depletion (Takaki et al., 1985) abolish putatively serotonergic slow EPSPs. Criteria needed to establish 5-HT as an enteric neurotransmitter (Gershon, 2009) Figure 5 . Enteric levels of DA and HVA are higher in the ileum of SERTKO than in the ileum of WT littermates. HPLC with electrochemical detection was used to measure levels of DA, DOPAC, and HVA in the ileum, colon, and brain of SERTKO mice and their WT littermates. A, DA levels in neither the ileum nor the colon of SERTKO mice were significantly different from those in the ileum and colon of their wild-type littermates. B, The level of HVA was significantly greater than that of WT littermate controls in the ileum but not in the colon of SERTKO animals. C, The total level of DA plus its metabolites HVA and DOPAC was also significantly greater in the ileum of SERTKO mice than in their WT littermates, although again, the increase in the colon did not reach statistical significance. D, The level of 5-HT in neither the ileum nor colon of SERTKO mice differed significantly from that in the ileum and colon of wild-type littermate controls. E, The concentration of 5-HIAA, the 5-HT metabolite, in the colon was significantly lower in SERTKO mice than their WT littermates. F, In SERTKO mice, the total of 5-HT and 5-HIAA was significantly lower in both the ileum and colon than in WT animals. ns, Not significant. Figure 6 . Transcripts encoding SERT are downregulated in the ileum and colon of TPH1/ 2dKO mice. Real-time PCR was used to quantify to abundance of transcripts encoding SERT. For each sample, the abundance of transcripts encoding SERT was normalized to that of GAPDH. Data are expressed as the ratio of transcripts encoding SERT to those of GAPDH. SERT expression in both ileum and colon of TPH1/2dKO animals was significantly lower than that in their wildtype littermates.
were finally completed by the discovery that enteric neurons express TPH2 (Neal et al., 2009) .
Our observations that total GI transit time, small bowel transit, and colonic motility are abnormally slow in TPH2KO mice are consistent with previous suggestions that 5-HT mediates propagating contractile complexes (Neal et al., 2009) and slow (Erde et al., 1985; Takaki et al., 1985; Wade et al., 1994) and fast (Galligan et al., 2000) excitatory synaptic responses. They are also consistent with suggestions that constitutive inhibition of circular muscle and migrating motor complexes depend on myenteric serotonergic interneurons Heredia et al., 2010) rather than mucosal 5-HT (Keating and Spencer, 2010) . The paradoxical acceleration of gastric emptying in TPH2-deficient mice is consistent with previous reports that 5-HT participates in vagal inhibition of the stomach (Bül-bring and Gershon, 1967b) , 5-HT 1P antagonism accelerates gastric emptying (Mawe et al., 1989) , and 5-HT functions in vagal gastric accommodation reflexes (Reisoli et al., 2010) . 5-HT 3 agonists (Spencer et al., 1998 ) and the 5-HT releasing agent fenfluramine (Serio et al., 2003; Soll et al., 2010 ) also retard gastric emptying. Neuronal 5-HT may thus excite gastric inhibitory neurons, which delay gastric emptying.
It is surprising that motility is not abnormal in TPH1KO mice because increased intraluminal pressure and nutrients release 5-HT from EC cells, which initiates peristaltic and secretory reflexes (Bülbring and Crema, 1959a; Cooke et al., 1997; Pan and Gershon, 2000; Bertrand, 2004; Spiller, 2007) . Conceivably, the peristaltic reflex does not contribute significantly to constitutive motility but is instead manifested only in distension-or stressinduced behaviors, such as giant migrating contractions or "power propulsion" (Sarna, 2007; Wood, 2008 Wood, , 2010 . Although the alternative possibility that another mediator may, in TPH1KO mice, assume the role normally played by 5-HT cannot be excluded, depletion of mucosal 5-HT with reserpine (Bül-bring and Crema, 1959b) or tryptophan depletion also fails to abolish peristaltic reflexes (Boullin, 1964) .
The current studies of TPH2-deficient mice suggest that enteric serotonergic neurons play a physiologically important role in enteric neuronal development/survival. That 5-HT might be an enteric neuronal growth factor was first suggested by observations that 5-HT 2B receptors are neuronal, developmentally regulated, and promote development of neurons from isolated ENCDCs (Fiorica-Howells et al., 2000) . Subsequently, 5-HT 4 receptors were demonstrated to be neuroprotective and to promote the development of new neurons from adult stem cells (Liu et al., 2009 ). Because enteric neurons are born asynchronously (Pham et al., 1991) and serotonergic neurons are among the first to arise (Pham et al., 1991; Blaugrund et al., 1996; Chalazonitis et al., 2008) , it follows that serotonergic neurons coexist with dividing ENCDCs, some of which receive synapses . It is thus plausible that serotonergic input influences the fate of ENCDCs; these precursors express SERT and 15 subtypes of 5-HT receptor. Dopaminergic, GABAergic, and CGRP-expressing neurons are among the last enteric neurons to be born (Pham et al., 1991; Li et al., 2004; Chalazonitis et al., 2008) ; birthdays of enteric serotonergic neurons conclude (E15) before birthdays of these neurons begin. The development/survival of dopaminergic and other late-born enteric neurons could thus be influenced by serotonergic neuronal activity. In fact, the ENS of mice lacking TPH2 contained fewer total, dopaminergic, GABAergic, CGRPexpressing, and nitrergic neurons than the ENS of WT mice, which did not differ significantly from those of TPH1KO animals. Because dopaminergic neuronal numbers in TPH2KO mice were not significantly different from those in TPH1/2dKO animals, neuronal and not mucosal 5-HT must be the pool that affects the development/ survival of enteric neurons. The deficits in dopaminergic and GABAergic neurons in mice lacking TPH2 were proportionally greater than that in total neurons, suggesting that the development/ survival of some classes of late-born neurons is particularly 5-HT dependent. The abundance of transcripts encoding TH and DAT, like that of TH-immunoreactive neurons, was also lower in TPH2-deficient mice than in WT littermates, and again, neither TH nor DAT transcripts were reduced in TPH1KO animals.
Enteric dopaminergic neurons slow gastrointestinal motility; intestinal transit is accelerated in mice that lack neuronal dopamine receptors (D 2 or both D 2 and D 3 ) (Li et al., 2006) , and DAT deletion potentiates dopaminergic inhibition of colonic transit and muscle contraction (Walker et al., 2000) . Because enteric dopaminergic neurons are thus a brake on intestinal motility, their abnormality in mice lacking TPH2 does not explain the slow transit of these animals. Slow intestinal transit thus occurs in TPH2-deficient mice despite and not because of their dopaminergic defect. DAT transcription is upregulated in TPH1KO mice. Conceivably, DAT upregulation compensates for the absence of mucosal 5-HT. By diminishing the efficacy of the DAT brake, DAT upregulation in TPH1KO mice might ameliorate the absence of 5-HT-initiated mucosal reflexes.
Experiments in which 5-HT was applied to isolated ENCDCs confirmed that 5-HT promotes development/survival of enteric neurons. In ENCDC cultures, 5-HT increased the concentration of DA, dopaminergic neurite extension, and the numbers of both total and TH-immunoreactive neurons. 5-HT, however, did not alter the dopaminergic/total neuron ratio. In part, this is because, as discussed above, the effects of 5-HT on development/survival are not restricted to dopaminergic neurons. Still, in TPH2KO and TPH1/ 2dKO mice, a greater deficiency occurs in dopaminergic than in total neurons. This differential effect is consistent with the proposed role of 5-HT to regulate development only of enteric neurons generated after serotonergic neurons have been born. The normal development of 5-HTindependent early-developing neurons in TPH2KO mice would reduce the magnitude of the deficit in total neurons and lead to the disproportionate defects in dopaminergic, GABAergic, CGRPexpressing, and those nitrergic neurons that develop after their serotonergic counterparts. In contrast, when 5-HT is added to ENCDCs isolated at E16, earlydeveloping neurons have already been born and are not generated from ENCDCs proliferating at that time. All neurons generated from ENCDCs at E16 are thus post-serotonergic, and many, including the myenteric dopaminergic, GABAergic, and submucosal CGRPexpressing subsets, are 5-HT responsive. 5-HT, therefore, may not cause ENCDCs to acquire their definitive phenotype (e.g., become dopaminergic) but may be necessary for them to develop and/or survive. SERTKO mice were investigated as a gain-of-function model to investigate serotonergic effects on enteric dopaminergic neurons. Although SERT deletion did not affect the DA concentration, it increased the ileal concentration of HVA and the total content of DA and its metabolites. It is not surprising that the level of DA does not change in SERTKO mice because regulatory mechanisms modulate the rate of catecholamine biosynthesis in neurons, preventing a change in transmitter content as a result of neuronal activity (Molinoff and Axelrod, 1971) ; however, the increase in DA metabolites suggests that, by enhancing the action of 5-HT, SERTKO increases dopaminergic neuronal activity. The developmental serotonergic influence on dopaminergic neuronal development/survival may thus be retained in the adult ENS as a serotonergic innervation of dopaminergic neurons, which is also suggested by the ring of SERT-immunoreactive terminal axons found to surround myenteric dopaminergic neurons. The deletion of SERT affected 5-HIAA differently from HVA. The concentration of 5-HIAA and the sum of the concentrations of 5-HT and 5-HIAA were lower in the SERTKO than WT colon. Similar reductions in 5-HT also occur in the brains of SERTKO mice (Kim et al., 2005) . This observation suggests that feedback control may reduce serotonergic neuronal activity in SERTKO mice. Feedback may also be evident in SERT expression. Enteric serotonergic neurons express SERT (Gershon and Sherman, 1982; Erde et al., 1985; Wade et al., 1996; Chen et al., 1998) , and transcription of SERT was significantly decreased in both ileum and colon of TPH1/2dKO mice, which lack 5-HT. Because SERT is important in terminating the action of 5-HT, it is reasonable that feedback downregulation of SERT would accompany the absence of serotonergic signaling. 
